Introduction
Urban habitats are among the most rapidly expanding biomes on Earth and are the one in which most people live (Grimm et al., 2008) . But cities are not uniform. Each city contains a mosaic of green habitat patches of varying sizes that are subject to differing degrees of chronic environmental stress, where stressors are factors such as increased heat, pollution, disturbance and habitat fragmentation (Niemelä et al., 2011 ) that alter the rates of biochemical reactions or exert physical force on organisms (Menge and Sutherland, 1987) . This stress is predicted to reduce diversity beyond the predicted reduction owing to small habitat patch size, while intermediate disturbances (for example, suburban development) may lead to local diversity peaks. Plant and animal communities often show these expected patterns of intermediate optima, while minimal diversity is seen in the most urbanized sites (for example, Blair, 1996; Blair and Launer, 1997; Cam et al., 2000; Marzluff, 2005; McKinney, 2008; Minor and Urban, 2010; Saito and Koike, 2013) . Response to urbanization varies within a city depending on site characteristics (Sushinsky et al., 2013) as well as on the species assemblage and the spatial scale investigated (Concepción et al., 2015) . It also varies between cities, with the amount of species loss best explained best by land cover and city's age (Aronson et al., 2014) .
It is worth noting, however, that the very most urbanized sites are often not studied. Little is known about the walls of buildings, for instance, although they occupy a large surface area. Or, if our focus is confined to green spaces, the most common green spaces in growing cities are the ones embedded in cement, such as street medians or tree pits, and these have been little considered. Although these small patches are unlikely to provide habitat to many charismatic vertebrates, their ability to sustain the smaller organisms in cities, including not only insects but also microbes, is unclear.
Microbes in soils are central not only to global biogeochemical cycles (Falkowski et al., 2008) , but also to local nutrient cycles (Wall, 2004) , such that the composition of microbes in urban soils is likely to govern the fate of nutrients much as it does elsewhere. Globally, soil microbes are also a source of discovery in medicine and biotechnology (Bull, 2004; Challis, 2008) , and conservation of microbial biodiversity is increasingly discussed (Colwell, 1997; Cockell and Jones, 2009; Sutherland et al., 2010; Bodelier, 2011) . Furthermore, a growing literature suggests that the failure of children to be exposed to a diversity of microbes threatens the health of those children, particularly through its relation to allergic and autoimmune diseases (for example, Rook, 2009; Hanski et al., 2012) . The large literature linking microbial diversity and human health tends to assume that the diversity of microbes to which children are exposed in urban environments is less than that in rural environments (for example, Hanski et al., 2012) . However, although urbanization can be a major threat to conservation efforts of macroorganisms (Grimm et al., 2008) , our understanding of the response of microorganisms to urbanization is poor.
We might expect the loss of diversity with urbanization for microbes, including archaea, bacteria and fungi, if microscopic taxa respond similarly to urbanization and habitat fragmentation as macroscopic organisms. Species-area relationships, with fewer species in smaller sites, have been observed for microbes (Green et al., 2004; Horner-Devine et al., 2004; Bell et al., 2005) in habitats such as tree holes owing to the greater potential for colonization and quantity and diversity of available resources and habitats. At least for macroorganisms, urban, habitat area has a positive influence on biodiversity (Basham et al., 2010; Shanahan et al., 2011; Beninde et al., 2015) . If urban habitat patches act analogously to tree holes, we expect to find fewer microbial species in smaller habitats in cities. In addition, stress associated with urban development and pollution can disturb soil, altering its properties and leading to degradation (Parker, 2010) , and this stress may be greatest in small patches. For instance, small patches of habitat in New York City, those associated with street medians, have been found to be hotter, drier, have less canopy and are surrounded by more impervious surface relative to nearby parks . These stresses may reduce microbial diversity in addition to the direct influence of area.
On the other hand, when large habitats in cities are compared with habitats outside of cites, the total diversity of urban microbes appears high. Ramirez et al. (2014) recently found similar diversity of bacteria in a global data set as what they found in the soil of Central Park. Barberán et al. (2015) also found that the microbes present in dust in cities were no less diverse than those in samples from outside of cities. However, compared with most green patches within cities, Central Park is very large (3.41 km 2 compared with the average park size of 0.004 km 2 ) as is the scale of analysis in Barberán et al. (2015) . It remains unknown whether the diversity of microbes that persists in smaller and more isolated patches in cities is comparable to the diversity encountered across whole cities or in the largest parks.
Here we consider the influence of habitat area and stress on soil microbes and one group of insects, ants, in Manhattan. In addition to having a number of relatively large parks, New York City, and Manhattan in particular, has many smaller patches of green, including not only gardens and abandoned lots but also the smallest common type of green patch, street medians. In doing so, we addressed the following questions: (i) What is the relative microbial diversity in the soil of small, high-stress urban habitats (street medians) compared with larger, low-stress urban habitats (city parks)? Based on studies of animals and plants in urban ecosystems, we expected that species richness would be lower in street medians than in city parks. Additionally, we expected the composition of microbial communities to be distinct in the two habitat types because previous studies have shown that persisting in high-stress habitats and/or maintaining viable populations in small habitat patches can be strongly influenced by speciesspecific traits (Schleicher et al., 2011; Slade et al., 2013; Concepción et al., 2015) .
Next we asked (ii) How do the patterns of bacterial, fungal and ant diversity compare? Fungi are intermediate in size (typical eukaryotic cells are between 1-2 orders of magnitude larger than bacteria and archaea) and perhaps have intermediate dispersal ability relative to ants and bacteria. Both ants and fungi are common and abundant in ground communities in urban ecosystems, and previous work has shown that these groups can be sensitive to urbanization and habitat patch size (Newbound et al., 2010; Savage et al., 2015) . To our knowledge, this is the first analysis of intra-city diversity patterns for microbes with direct comparison to macroorganisms.
Materials and methods
Sampling: bacteria, archaea, and fungi We collected soil samples between 30 May and 6 June 2013 from medians (n = 21) and parks (n = 25) in Manhattan (NYC). The medians were located along Broadway (n = 7) and the corridor along 12th Avenue, 11th Avenue and West Street (n = 14, Supplementary Figure S1 ). Parks were chosen based on their proximity to street medians and included parklands (with sports fields and playgrounds) and urban forests (Supplementary Figure S1) . We sampled two sites for each park except Central Park (3 sites), Battery Park (3 sites) and Washington Market Park (1 site). A single site was sampled for each median.
At each site, we used an open end soil probe (AMS, American Falls, ID, USA) to collect a total of five soil cores (2.5 cm wide × 10 cm deep, with one collected every 4 m along a 20-m transect). We immediately pooled the soil cores from each site by combining them in a sterile Whirlpak bag (Forestry Suppliers, Jackson, MS, USA). The soil corer was cleaned with 70% ethanol between samples to avoid cross-contamination. Soils were frozen at − 20°C on the same day of collection. Across all sites, we sampled equal areas to control sampling effort. We treated individual sites within a single park as separate sites; they had equal area and were a minimum of 65 m apart.
Soil analyses
To homogenize soil samples and remove non-soil fragments, soils were passed through a sterile, 2.0-mm sieve prior to processing. Total carbon and nitrogen were quantified by combustion using an Elementar Vario Macro CNS analyzer (Elementar, Hanau, Germany) and macronutrients and micronutrients were measured using a Mehlich 1 extraction (Mehlich, 1953) followed by inductively coupled plasma spectrometry (Varian Vista MPX Radial ICP-OES, Varian Inc., Palo Alto, CA, USA). All soil nutrient analyses were completed at the Auburn University Soil Testing Laboratory (Auburn, AL, USA).
Microbial DNA was isolated using the Power Soil Extraction Kit (MoBio, Carlsbad, CA, USA), and three DNA extractions were pooled for each sample prior to sequencing. Bacterial DNA was sequenced for all sites using the16S rRNA gene by using the 515-F and 806-R primer pair (Fierer et al., 2012) . Fungal DNA was sequenced for 26 sites (13 parks and 13 medians; Supplementary Figure S1 ) using the internal transcribed spacer (ITS1) region of rRNA, which was amplified using the ITS1-F and ITS2 primer pair (McGuire et al., 2013) . Quantification of PCR products was accomplished using the PicoGreen dsDNA assay (ThermoFisher Scientific, Waltham, MA, USA), and equimolar concentrations of amplicons were sequenced using the Illumina MiSeq platform (Illumina Inc., San Diego, CA, USA) at the University of Colorado Next Generation Sequencing Facility. Raw sequence data were processed using a custom Python script (https://github.com/leffj/ helper-code-for-uparse) and processed with the UPARSE pipeline (Edgar, 2013) . Samples were rarified to 10 000 sequences per sample for fungal analyses and 14 300 sequences per sample for bacterial analyses. Operational taxonomic units were delineated using a 97% similarity threshold, and taxonomy was determined using the RDP classifier for bacteria (Wang et al., 2007) and the UNITE database for fungi (Abarenkov et al., 2010) .
Sampling: ants
We collected ants across medians and parks in the Upper West Side of Manhattan (NYC) across 2 consecutive years (14-24 June 2011 and 20 August-7 September 2012). In sum, the samples included 21 street medians along Broadway and 26 parks (Supplementary Figure S1) . As above, we sampled equal areas of all sites. As described in more detail in Savage et al. (2015) , ants were sampled by extraction from leaf-litter, such that an ant sample is a measure of the composition of ants in a standardized amount of litter on the forest floor. In each site, we collected ants using both hand collection and Winkler sifting. Because we were focused on comparing street medians to all parks, we used a single park category in our analyses rather than splitting the sites into forests and parklands, as Savage et al. (2015) did.
Statistical analyses
All statistical analyses were conducted using R (version 3.1.1; www.r-project.org). Soil chemistry differences between habitat types were tested using MannWhitney U-test. Richness of each sample was calculated using the package BiodiversityR (Roeland Kindt R) and compared between habitat types using a MannWhitney U-test. We calculated sample-based species accumulation curves for each habitat type using 100 permutations in the specaccum function in vegan (Jari Oksanen R). We tested for differences between the accumulation curves using a two-way KolmogorovSmirnov test. We ran a linear regression to test for a relationship between richness and habitat area.
We conducted non-metric multidimensional scaling ordinations with the metaMDS function in vegan. We then tested whether community-level compositional variation was related to our environmental predictors by fitting the ordination scores to habitat type and size with the envfit function in vegan. Phyla-and class-level abundance was analyzed using analysis of variance with post-hoc Tukey's honest significant difference test. The abundance of potentially pathogenic bacteria was calculated following Kembel et al. (2012) and analyzed using a t-test. Indicator family analysis was conducted with 9999 permutations using the multipatt function in indicspecies (Miquel De Caceres R). To test for the relationship between physical distances and community dissimilarity in microbial samples, we ran a Mantel Test with 9999 permutations using R package ade4 (Aurélie Siberchicot R). We compared linear distances between sampling points (measured in Google Earth) with Bray-Curtis dissimilarity table produced using the vegdist function in vegan.
Nucleotide sequence accession numbers
The 16S rRNA and ITS nucleotide sequences generated in this study can be downloaded from the European Nucleotide Archive under study accession number PRJEB9616.
Results
Median soils had significantly more copper (P = 0.0016), less nitrogen (P = 0.0066) and more zinc (P = 0.0029) than parks. They were also significantly more basic (P = 0.0116), and altogether, the medians were smaller than parks (Po0.0001). Park and median soils did not differ, however, in lead, carbon, calcium, potassium, magnesium, phosphorous, aluminum, boron, barium, iron, manganese, sodium or nickel (Table 1) .
Richness of bacteria did not differ between parks and medians (P = 0.117; Figure 1a) , and there was no difference between park and median species accumulation curves (P = 0.076; Figure 1d ). Archaea also do not show a difference in richness (P = 0.5866), although species accumulated more slowly across medians (P = 0.0023; Supplementary Figure S2) . (Archaea represent a small portion (0.5%) of the phylotypes observed likely owing to the sequencing protocol so henceforth we will report only 16S rRNA results for bacteria.)
Fungi trended towards decreased richness in medians (P = 0.08; Figure 1b ) but did not show significant difference in the accumulation curve functions (P = 0.5882; Figure 1e ). To test whether the fungal species missing from medians were primarily plant associated, we explored the diversity patterns of just arbuscular mycorrhizal fungi (phylum Glomeromycota). These fungi show no differences in richness (P = 0.7968) or species accumulation (P = 0.8143; Supplementary Figure S3 ), such that their absence does not account for the trend toward reduced fungal richness reduction in medians.
The microbial results contrast with those for ant communities, which were significantly less rich in medians than parks (P = 0.0003; Figure 1c ) and showed significant reduction in diversity in the median species accumulation curve (Po0.0001; Figure 1f ).
Across all green spaces sampled, bacterial communities did not exhibit a relationship between size of habitat and species richness (P = 0.8043; Figure 2a ). In contrast, fungal richness increased with habitat area (P = 0.0362, R 2 = 0.1357; Figure 2b ). Habitat area explained the most variation in species richness for ant communities (P = 0.0001, R 2 = 0.2597; Figure 2c ). The observed relationships between habitat area and species richness did not hold when considered solely within medians or within parks for fungi (P = 0.34 and P = 0.43, respectively) or ants (P = 0.48 and P = 0.48, respectively) such that these relationships appear driven by differences between parks and medians.
In contrast to the large differences in richness response between ants and bacteria, these groups had similar patterns of species composition response. Specifically, bacterial composition was significantly different in medians and parks (2D stress = 0.149, P = 0.004, R 2 = 0.163; Figure 3a) as it was in ants (2D stress = 0.180, P = 0.001, R 2 = 0.38; Figure 3c ). Similarly, size was significantly correlated with composition in both bacteria (P = 0.001, R 2 = 0.367) and ants (P = 0.044, R 2 = 0.13). However, fungal species composition did not differ significantly between parks and medians (2D stress = 0.164, P = 0.187; Figure 3b ) and did not correlate with size (P = 0.144).
Each taxonomic group demonstrated different patterns of species overlap between medians and parks. For bacteria, the majority of operational taxonomical units were shared between medians and parks, but each habitat type still had a significant fraction (420%) of unique taxa (Figure 3d ). For fungi, less than half of operational taxonomical units were shared between medians and parks, with each habitat type supporting mostly unique communities (Figure 3e ). For ants, the median communities were almost entirely a nested subset of the taxa found in the parks (Figure 3f ).
There were few patterns of differences between microbial composition in parks and medians at higher taxonomic levels. We found no differences between the abundance of any of the nine most common bacterial phyla (Figure 4a ). Of the 252 named bacterial families, 9 were significantly associated with either medians or parks. Three families from the phylum Actinobacteria were associated with medians: Promicromonosporaceae (P = 0.0062), Rubrobacteraceae (P = 0.0252), and AKIW874 (P = 0.0194). However, in medians the summed abundance of these taxa represent, on average, only 1.76 × 10 − 4 ± 2.09 × 10 − 4 %. Six families were associated with parks: Aeromonadaceae (P = 0.0004), JTB38 (P = 0.045), Gallionellaceae (P = 0.0042), Spirochaetaceae (P = 0.0069), Ktedonobacteraceae (P = 0.0229), and Ruminococcaceae (P = 0.0348). The average sum abundance of these families in parks is only 0.0007 ± 0.0005%. In addition, the abundance of potentially pathogenic bacteria was not significantly different between parks and medians (P = 0.8413; Supplementary Figure S4) .
Similarly, there were no significant differences between any of the 10 most common fungal classes (Figure 4b ). Only one fungal family was significantly indicative of medians-Liptomycetaceae (P = 0.0091) -but its average abundance in medians was only 0.0144 ± 0.016%. Only two families were associated with parks-Hyaloscyphaceae (P = 0.0005) and Annulatascaceae (P = 0.0357)-but together these were, on average, only 0.0087 ± 0.0072% of the fungi found in parks.
To assess whether distance between sites was a potential confounding variable in our analysis of compositional variation, we conducted Mantel tests comparing physical distance matrices with Bray-Curtis dissimilarity matrices. The test was not significant for bacteria (P = 0.3473) or fungi (P = 0.13) -indicating that microbial samples from sites closer together were not necessarily more compositionally similar. Similarly, Savage et al. (2015) found no effect of distance on ant community composition across Manhattan when controlling for habitat type.
Discussion
Soils harbor vast repertoires of microbial diversity, which are critical for ecosystem functions, drug discovery and perhaps even human health. Urban stress can limit diversity of aboveground macroorganisms, and we tested whether this pattern also holds for microbes. We predicted that microbial diversity would be limited in urban medians, which, compared with larger urban parks, are small alkaline, nitrogen poor, isolated, hot, dry, exposed, high in copper and surrounded by cement and other impervious surfaces (this study; Youngsteadt et al., 2015) . Instead, bacterial diversity in these small, high-stress median sites was as high as that of the parks and was not associated with habitat area. In contrast, the diversity of ants was lower in medians than in parks and positively correlated with habitat area. Fungi showed an intermediate pattern. Ant and bacterial (but not fungal) community composition differed between parks and medians.
As has already been shown for ants in Manhattan , as well as for plants, vertebrates and insects elsewhere (Blair, 1996; Blair and Launer, 1997; Cam et al., 2000; Minor and Urban, 2010 ; Figure 4 Park and median composition are similar among the most common higher order taxa. Boxplots of the relative abundances of the most dominant bacterial phyla (a) and fungal classes (b) show no significant differences in relative abundance between parks (black) and medians (gray). Saito and Koike, 2013; Concepción et al., 2015) , we re-acknowledge that many macroorganisms decline in diversity in cities relative to rural areas and that some species are absent in cities, resulting in changes in composition. Recent work (Beninde et al., 2015) has surveyed the causes of intra-urban biodiversity variation for a range of macroorganisms and found that, to a great extent, shifts in composition and declines in diversity in cities are due to the effects of habitat area and connectivity, with the most affected green spaces in cities being both small and disconnected.
Notably, we found that habitat area was related only to fungal and ant richness, not bacterial richness. Habitat size is known to affect microbial richness elsewhere. For example, taxa-area relationships predict fungal richness in undeveloped arid soil (Green et al., 2004) and bacterial richness in a salt marsh (Horner-Devine et al., 2004) , but in both cases the slope of the species-area relationship was low relative to relationships for macroorganisms. We did not consider connectivity, though we note that the medians considered are surrounded by pavement and hence relatively disconnected for most organisms. However, we found that physical distance between sites-a proxy for dispersal limitation and thus potentially related to connectivitywas not predictive of community similarity for the microbes or ants. Future work on urban microbes might consider additional site characteristics assessed in Beninde et al. (2015) , including management history and biotic and abiotic factors.
In this study, we show that overall fungi showed some tendency toward the loss of biodiversity with decreases in habitat size and increases in stress while bacteria did not. Similar results have been found in Central Park where microbial eukaryotes but not bacteria and archaea were a subset of the global population (Ramirez et al., 2014) . Additionally, on treetop 'islands' macro-and meso-fauna diversity tended to decrease with reductions in habitat size, whereas microbial diversity did not (Wardle et al., 2003) . Our results extend these patterns to one of the most extreme terrestrial habitats on Earth in which plants are still the primary producers. Whether these patterns hold in other mega-cities or smaller, more suburban areas of human development remains to be seen.
The compositional changes we observed in the fungal community are not consistent with a nested subset pattern wherein a subset of the species found in parks would be found in medians. We might also have expected a decline in arbuscular mychorrhizal fungi, which are tightly associated with host plants, in response to the decline in plant diversity in medians. However, the arbuscular mycorrhizal fungi did not decline in diversity in medians. Instead, the majority of arbuscular mycorrhizal fungal phylotypes found in medians were not also found in parks. One of the only other studies evaluating fungi in NYC also found that arbuscular mycorrhizal fungi were distinct in different green spaces (McGuire et al., 2013) , suggesting that this functional guild of fungi is strongly structured by microsite conditions. The only family of fungi found to be indicative of medians was a member of the class Saccharomycetes and the families indicative of parks were a Leotimycetes and a Sordariomycetes. Both of those families are associated with growth on dead wood.
In contrast to the fungi, bacterial richness did not differ between parks and medians nor did it correlate with habitat size; however, bacterial composition did differ between parks and medians, albeit subtly. The pattern in richness is interesting in terms of the basic biology of bacteria, because it suggests that there is both very effective dispersal and sufficient environmental heterogeneity-even at these small scales-to maintain relatively high diversity. The imperfect overlap between parks and medians in composition may be due to differences in the microhabitat of these sites and the novel microhabitats and resources present in medians, including those associated with pollution, such that a significant number of bacterial taxa (420%) were only present in medians. Interestingly, while Ramirez et al. (2014) documented an elevated abundance of pathogens in Central Park relative to a global data set, we did not find a concomitant difference in abundance between parks and medians. Medians (and, in our data set, parks) are unlike indoor environments, which are dominated by human-associated microbes (Lax et al., 2014) . This is true even though the medians are, in many cases, just feet above the subway system in which human-associated microbes are most abundant (Afshinnekoo et al., 2015) .
For ants, differences in composition appear associated with differences in function (for example, how fast discarded food is removed; Youngsteadt et al., 2015) . The same might be true for microbes; a key next step is to directly assay microbial function in these habitats as a function of composition and diversity. Experimental loss of diversity and simplification of soil communities has recently been shown to lead to changes in decomposition, nutrient retention and nutrient cycling as well as affecting aboveground plant communities in grassland microcosms (Waag et al., 2014) . Assaying function is particularly important in these urban soils, because urbanization has been found to lead to enhanced C cycling rates, altered regional C budgets and heightened soil respiration in lawns relative to adjacent native and agricultural systems (Kaye et al., 2005) , but it is unknown whether these changes were due to changes in bacterial composition, fungal composition or simply the physiology of key species. Additionally, green roofs have been found to harbor many fungi that are associated with organic contaminants, but it is unknown whether these taxa are present because they are resistant to pollutants or because they are actively involved in their degradation (McGuire et al., 2013) . We found some of these contaminant-associated taxa in our samples but only at very low abundance and with no relationship to habitat type.
Beyond the potential for differences in function, our results also have implications both for conservation and for human health. The finding that increased urban stress does not reduce bacterial or fungal diversity relative to parks implies that cities may have very different consequences with regard to microbial conservation relative to the conservation of animals and plants. In fact, the presence of unique taxa found only in medians highlights the possibility that extreme habitats, even if they are man-made, can have unique conservation value. Nevertheless, these extreme sites could not serve as replacements if we were to lose less urbanized spaces. Conservation of the diversity and function of soil microbial communities will not only need to involve but also extend beyond urban sites.
It has been shown that the psychological benefits that humans gain from encountering urban greenspaces increase with the species richness of these greenspaces (Fuller et al., 2007) . The medians in New York (and we suspect similar patches of habitat in other megacities) are sufficiently extreme to reduce diversity, even of disturbance-tolerant taxa such as ants. Thus the public, who encounter nature primarily in such patches (Dunn et al., 2006) , are left with a narrow set of visually observable species with which to engage. Surprisingly, even this narrow set is relatively poorly studied-for example, one of the most common ant species in the medians does not have a species name and one has only been studied three times in North America .
We know of no evidence that the diversity of microbes has psychological benefits (though one might imagine such benefits via the influence of microbes on volatile chemicals and, more generally, the odor of soils and plants). However, in the context of human health, it has been suggested that a reduced exposure to a diversity of microbes predisposes children in modern, developed environments to autoimmune disorders (for example, Riedler et al., 2001; Hanski et al., 2012) . Our results suggest that if such an effect does exist it is likely not simply due to people in developed areas having lower diversity of soil microbes in their environment. Much of the diversity of the bacteria found in the world is present in Central Park (Ramirez et al., 2014) and the diversity of bacteria in the medians and in Central Park is similar (this study). Instead, it may be differences in exposure to environmental microbes or the identity of the environmental microbes present between rural and developed areas that contributes to altered immune development.
Our results indicate that how we think about a global theory of diversity needs to be adjusted when we include microbes. The scale of both movement and habitat are critical elements affecting which individuals are able to reach and thrive in stressful environments, such as those commonly found in cities. As stressful habitats become more common owing to human development and global climate change (Grimm et al., 2008; Niemelä et al., 2011; Elmqvist et al., 2013) , a cohesive theory about how diversity changes in these environments will be crucial. Birds, mammals and even insects may respond strongly to the stresses of urban life, but smaller organisms may not be as responsive. This difference may, in part, be one of scale. Relative to an individual bacterial cell, a street median is still enormous, virtually a continent of heterogeneity. Therefore, forecasts of impact on microbial responses to environmental change may need to consider different spatial grains and extremes than those typically evaluated in the context of macroorganisms. This task may prove challenging. Yet, because microbial taxa have an outsized role in major ecosystem services, it is also crucial to include them if we are to fully understand global change.
